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Summary
Installation of a wind farm exposes several problems such as site selection,
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placement of wind turbines in the site, and designing of cable infrastructure
within the farm. The latter problem, called cable layout design, is the determi-
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that energies generated by turbines will be sent through the cable routes, and
eventually gathered at the transmitter(s). This problem is especially important
for offshore wind farms where the featured and expensive cables are used.
The main objective of the present study is to address the cable layout design
problem of offshore wind farms to reduce cable costs in the design using
optimization-based approaches. The problem, firstly, is modelled as a mixed
integer linear program (MIP) under a set of real-life constraints such as differ-
ent cable and transmitter types and non-crossing connections between the
turbines. Then, a novel mathematical model, which is a modification of the
MIP model by imposing several heuristic rules, is proposed to solve the layout
problem of large offshore wind farms. Experiments on a set of small- and
moderate-sized test instances reveal that the heuristic model, MIP_H, reduces
the computer time nearly 55% compared to that of MIP model while the aver-
age cable costs generated by the models are close to each other. MIP_H,
besides its efficiency, provides more cost-effective layouts compared to MIP
model for large-sized real-life examples. Additionally, a comparative study on
MIP_H and existing methods in the literature shows that MIP_H is able to
solve all instances of the real-life examples providing less cable costs in

average.
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1 | INTRODUCTION

Association declared that 53 900 MW new wind power
capacity was added in 2018 and the worldwide wind

Renewable energy is one of the major energy resources
for countries in terms of continuity and sustainability in
energy production. Wind power, among the renewable
energy resources, has been growing to become a key ele-
ment in electricity generation. The World Wind Energy

capacity reached 600 GW by the end of 2018 which corre-
sponds to more than 5% of the world's electricity demand.
As wind energy provides affordable green energy, inves-
tors look for lower installation and operating costs to
design cost-effective wind farms. There occur several
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important problems in the design of a wind farm such as
the selection of a right site to construct a wind farm,'>
layout of turbines in the farm,*® installation of electrical
infrastructure'®"? and connection of turbines and trans-
mitters in the farm through electrical cables. Connection
of turbines and transmitters using different cable types to
send all the energy production towards one or more
transmitters is known as cable layout problem. This prob-
lem is an important optimization problem in the design
of wind farms since capacities and lengths of cables affect
both total investment cost and power losses. Cable layout
problem also has been mentioned with different names
such as cable routing problem,* array cable layout
problem,'®'? and infrastructure planning'* in the litera-
ture. Network of cable connections must be at least a
minimum spanning tree. Additionally, the amount of
energy sent through each cable cannot exceed capacity
of the cable. This constraint makes cable layout problem
NP-hard as the minimum spanning tree problem with
capacitated arcs is NP-hard.'* Therefore, cable layout
design is also important in the operational research
community.

Although both onshore and offshore wind farms
include similar design problems, installation costs in
the offshore farms are significantly higher than that of
onshore. Readyhough'® stated that the cost of cables
and cable installation accounts for nearly 27% of an off-
shore wind farm capital cost. Blanco'® also indicated
the possibility of decreasing the total installation cost
of a wind farm up to 10% by designing a good cable lay-
out. Lumbreras and Ramos'’ presented a comprehen-
sive review of design problems in offshore wind farms
including the electrical layout problem. They showed
that even though a pre-established layout such as
radial, ring, and star topologies simplifies the problem, it is
not true optimization. Furthermore, these topologies are
insufficient to provide reliable cable layouts. Larsen et al*®
introduced an integrated framework, called TOPFARM, as
an optimization tool where the design problems of wind
farms are handled sequentially. Wedzik et al* also pro-
posed an integrated approach to turbine-transmitter loca-
tion and cable connection problem to minimize total
investment and operation costs including the energy losses
for the entire wind farm. On the other hand, most of the
studies address the cable layout problem assuming a
number of turbines and transmitters were already
installed due to the difficulty of the problem. Existing
studies in the literature propose optimization models
and methods, or heuristic methods to solve the cable
layout design problem while several studies benefit from
both optimization and heuristic approaches.

Lingling et al*® focused on location and connection
scheme of transmitters where wind turbines installed in

arrays. They applied genetic algorithm (GA) to find the
cable connections between transmitter pairs and also
cable layout among turbines. Smail et al*' proposed a
combination of GA with a problem-specific construc-
tive algorithm in which similar design issues in
Lingling et al*® are considered. They considered the
locations of transmitters and assignments of wind tur-
bines to the transmitters using GA. Then, a set of wind
turbines and one transmitter within the same group
were connected one-by-one considering the shortest
Euclidean distances and feasibility conditions. In the
study of Smail et al,*! the objective was to minimize
total installation cost which consists of cable, equip-
ment, and transmitter costs. In addition to these cost
items, Jenkins et al®>? also included minimization of
power losses in the design of cable layouts for offshore
wind farms. They developed a greedy algorithm which
is based on the connection of nearest turbines. Once a
layout was constructed by the greedy algorithm then
GA is applied to improve this layout. Gonzalez-Longatt
et al*® treated the cable layout problem of offshore
wind farms as a multiple travelling salesman problem
(TSP) where each transmitter corresponds to a sales-
man and a group of turbines corresponds to the cities
visited on a ring. Gonzalez-Longatt et al** minimized a
modified cost function of transmitters, substations and
cables using GA under the constraints of multiple TSP.
Pillai et al** used both heuristic algorithms and mixed-
integer linear programming to find locations of trans-
mitters including cable connection decisions for an off-
shore wind farm. In the study of Pillai et al,* firstly,
turbines were clustered to obtain transmitter positions
and then cable paths within the clusters were deter-
mined. The mixed-integer linear programming model
was used to solve capacitated minimum spanning tree
problem taking the input parameters from the cable
paths obtained before. Zhao et al*> aimed to solve the
problem to find the positions of transmitters and con-
verters, the number of the cable types, and the best
connection topology of the wind turbines using
GA. Dahmani et al*® also used GA to minimize the
total cost of identical cable types where the locations of
multiple transmitters were known. As a result, the lit-
erature survey on the heuristic methods proposed for
the cable layout problem shows that most of the stud-
ies decompose the multi-transmitter wind farms into
sub-problems where each sub-problem includes a sin-
gle transmitter and a group of turbines assigned to this
transmitter. Then, the sub-problems are solved using
GA, in general, besides several problem-specific heu-
ristics. Therefore, it can be concluded that connection
of turbines to a single transmitter still is a core prob-
lem in the cable layout design.
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Since the cable layout problem is a long-term design
problem, computer time which is necessary for execution
of a proposed method is relatively less important com-
pared to the total cost of the obtained solution. That is
why in the literature there are numerous studies such
as'O1b1317:2729 which focus on optimization models in
purpose of having cost-effective layouts. Hou et al* pro-
posed a dynamic minimum spanning tree algorithm to
solve the offshore wind farm cable layout problem under
the power loss condition. Cerveira et al'’ solved the prob-
lem by using integer linear programming and considering
capacitated minimum spanning trees with several cable
types and power losses. Also, they addressed the optimal
cable connection among the turbines and the transmitter
where both power losses and cable costs are minimized.
Berzan et al*’ focused on cable layout problem where sin-
gle and multiple cable types are used separately. In the
single cable type case, they proposed a minimum cost
flow problem to assign turbines to transmitters, then the
Esau-Williams heuristic was used to arrange the connec-
tion between the turbines and transmitters. They pro-
posed a mixed-integer programming model to determine
connections of multiple cable types and amount of flow
through the cable connections. Hertz et al*® modelled the
cable layout problem of onshore wind farms as a mixed
integer program (MIP) considering two different types of
cables and allowing parallel cables which are installed
into the same dug hole in the ground. Bauer and
Lysgaard'® developed an open vehicle routing approach
to solve cable connection problem of two real-world off-
shore wind farms using a hop-indexed integer program-
ming formulation. Fischetti and Pisinger'?® focused on
the layout of cables of several types considering both the
cases of power losses exist or do not exist. They included
non-crossing cable constraint into a MIP to prevent
cable damages and costly installation of crossing cables
and also, a maximum number of cables connected to the
transmitter due to the type of transmitter was involved
as a constraint in the proposed program. Fischetti and
Pisinger® solved the proposed MIP both exactly and
heuristically. The heuristic solution method they pro-
posed, called matheuristic, is a hybridization of exact
solution method and heuristic rules. They suggested
four different heuristic rules which are based on the fix-
ing of some cable connection variables to reduce the fea-
sible solution space. They conducted experiments on a
testbed of real-world cases and showed that the mat-
heuristics are able to find cost-effective cable layouts.
Fischetti and Pisinger® also solved the same cable con-
nection problem in Fischetti and Pisinger'? using mixed
integer models. Banzo and Ramos®' developed a MIP to
determine the cable layout by including system effi-
ciency, investment costs, and system reliability for a real
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offshore wind farm. Another MIP to model the cable
layout of an offshore wind farm was introduced by
Lumbreras and Ramos.>*> They applied the Benders'
decomposition technique to solve the layout problem of
large-sized wind farms. Consequently, the optimization
methods developed to deal with the cable layout prob-
lem are generally based on the mixed integer program-
ming models assuming a single transmitter due to the
difficulty of the problem. On the other hand, it is not
possible to compare the superiority of one model to
another one since they involve different realistic con-
straints and/or objectives in the design of cable layouts.
In this paper, a MIP is proposed to solve cable layout
problem of offshore wind farms under the constraints of
different cable types in varying capacities, different
transmitter types, and non-crossing cables where the
locations of turbines and a single transmitter are given
in advance. MIP model is based on the flow conserva-
tion constraints. However, it is also enhanced by adding
several new constraints which impose certain features
in a feasible cable layout. Additionally, a new mathe-
matical model is presented by modifying MIP model
including several heuristically derived constraints to be
able to find lower cost solutions for large-sized wind
farms. Even the modified MIP, called MIP_H, cannot
guarantee the optimality, the experimental studies show
that this model can find optimal layouts for small wind
farms and generates cost-effective layouts for larger
wind farms. MIP and MIP_H models are also tested on
sample instances of the layout problem in which double
transmitters exist to analyse applicability of the models
to multi-transmitter case. It is observed that both MIP
and MIP_H can be applied to the case while majority of
the optimization approaches in the literature decompose
the multi-transmitter case into single-transmitter prob-
lems. Furthermore, a new repair algorithm is presented
to eliminate crossing cables in the layouts obtained by
the suggested models. Only Fischetti and Pisinger,"**°
dealt with the same design issues considered in the pre-
sent study. Especially, the non-cross cable constraint is
rarely considered in the existing literature. The studies
which involve this constraint necessitate a data pre-
processing. On the other hand, it is experimentally
shown that the repair algorithm presented in this study
is very fast to find non-cross layouts. In conclusion, the
main contribution of this paper is to provide high quali-
fied solutions to the cable layout problem, especially for
large-sized wind farms, avoiding from the cross cables
under several realistic constraints. As offshore wind
farms require high investment cost due to difficulties in
the installation, any improvement in the investment
cost will be quite significant. Accordingly, we also
intend to contribute to the literature since there is room
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for improvement of the cable layouts of offshore wind
farms when the mentioned constraints are taken into
account.

2 | PROBLEM DEFINITION AND
PROPOSED MIP MODELS

The cable layout problem can be defined on a graph
G = (V, A) where V is the set of identical turbines and a
single transmitter while A is the set of connections
between each pair of turbines and transmitter in V.
Figure 1 is an illustration of the problem on an instance
with eight turbines and one transmitter. It is assumed
that positions of turbines and transmitter have been
already identified on a grid design of the site where the
site is represented as an N X N’ matrix. Therefore, loca-
tion of a turbine v can be defined by the pair (i, j) where
i€ N and j € N'. Installation of a cable of type ¢, t € T,
with capacity Cap, between turbines at positions (i, j) and
(k, I) incurs a cost of Cost,. The objective is to minimize
the total of Cost, while providing transmission of power
generated by each wind turbine to a single transmitter.
Therefore, all the wind turbines and transmitter must be
connected through a cable in a feasible layout. As an
important engineering constraint, the power is
unsplittable through the cable layout.”® This means that
the generated power by a single turbine including the
transferred power via this turbine must exit from the

turbine using a single cable. Because of the unsplittable
property of power, each turbine can be regarded as a
resource of one power unit. Hence, cable capacities can
be stated as the maximum number of turbines which the
cable can carry. As an additional constraint which
depends on the type of transmitter, the number of cables
connected to the transmitter is limited by a given maxi-
mum cable number, C.

Parameters of the problem which are known in
advance are listed below:

{ 1, there exists a turbine in location (i,j)
Xij =

0, otherwise

{ 1, there exists a transmitter in location (R, R )
X RR =

0,otherwise

TN: Total number of turbines in the wind farm.

Dz Euclidian distance between turbines in locations
(i, j) and (k, L.).

Cap,: Capacity of cable of type ¢t in terms of number of
turbines.

Cost,: Cost of cable of type ¢ per distance unit.

C: Maximum number of cables which can be con-
nected to the transmitter.

Finally, decision variables of the problem are
defined as:

. { 1,if turbines (i,j) and (k,[) are connected with a cable type teT,i,keN,j,IEN’
Wi =

0, otherwise

Cable Layout Problem

=
=

T FIGURE 1
* connections [Colour figure can be

An illustration of cable

viewed at wileyonlinelibrary.com]
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flow;j; = Total flow from turbine in (i,j) to turbine in (k,1).

2.1 | Proposed mixed integer
programming model

MIP model developed in this study to capture the cable
layout problem is given by Equations (1) to (15). The
objective function minimizes the total cost of cables in
the layout. Conservation of flow at each turbine is
guaranteed in Equation (2). In Equation (3), total flow
into the transmitter is assured to be equal to the total tur-
bine numbers. Equation (4) provides that there is a single
cable leaving a turbine. Equation (5) stipulates installing
at most one cable between any pair of turbines whereas
Equation (6) defines the unidirectionality of cables.
Amount of flow between pairs of turbines which are con-
nected by a cable of type t is limited by the capacity of
cable type as stated in Equation (7). Total number of
cables connected to the transmitter is restricted by C as
shown in Equation (8). The equations from Equation (2)
to Equation (8) are basic constraints which must be used
to model the cable layout problem as an integer program.
One can solve small- or moderate-sized instances of the
problem to optimize Equation (1) imposing the binary
requirement of decisional variables wi,; in Equation (14).
In this study, the solution space of the problem defined
by Equations (2) to (8) is further restricted by imposing
additional constraints given by Equations (9) to (13) to
provide a better formulation of the cable layout problem
which is more convenient in solving larger sized
instances. Obviously, a feasible solution to the cable lay-
out problem must be at least a spanning tree in which
there exists a single path between every pair of nodes
(turbines plus transmitter). Therefore, the total number
of cables connected the turbines and a transmitter must
be at least equal |VI—1 where |Vl = TN +1 as provided
by Equation (9). Equations (10) and (11) avoid having
overlapping cables in each row of N and in each column
of N/, respectively. Equation (12) means that the connec-
tion of two turbines located in the same row is impossible
if there is another turbine in the same row which is
installed between these two turbines. Similarly, the con-
nection of two turbines in the same column is prevented
if there is another turbine located in the same column
and between the two turbines as defined by Equation (13).
Finally, binary requirements and non-negativity of the
variables are stated by Equations (14) and (15).

min Z ZCOSttW ikt Dijid» (1)

(i,j), (k,l)eA teT

NERGY RESEARCH BAWA R B AL

N N N N
SN flowge— >0 Y flowwy =1 V(i,j)EV,i#Rj#R,
k=11=1 k=11=1
(2)
N N
Z ﬂOWk,l,R,R/ = TN, (3)
k=11=1

1V(i,j)eV,i#R,j#R,  (4)

T
}: -
Wiijkl =

T
> whin<1V(ij)ev V(k,DeV, (5)
t=1
Wi+ why <1 VT V(i,j)eV, V(k, eV,  (6)

T
flowa < Cap, xw'yu V(i,j)eV, Y(k,)EV,  (7)

t=1

T
Zwtijkl>TN7 (9)
(L)), (k,heAt=1
T
Z Wiy <xy V(i,j)EV, (10)
I=1,04 t=1

~

i.j)ev, (11)

w
I
ad

£
-
I
_

W <1-x;5 V(i,))€EV, V(i,1)EV,t€T, Vs,s>j,s<I, (12)
W' <1-xg V(i,j)€V, V(k,j)EV,tET, Vs,s>i,s<k, (13)
wine{0,1} V(i,j)eV, V(k,1)eV teT, (14)
flowu>0 V(i,j)eV, V(k,1)eV. (15)

2.2 | Heuristically enhanced mixed

integer programming model

The pre-experiments on the MIP model were con-
ducted using the branch-and-bound solver of LINGO
(linear-integer-nonlinear-global optimization) software in
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a limited time (10 hours). These experiments showed that
the gap between the lower bound and the best solution
both generated by the MIP varies between 5% and 10%
depending on the instance characteristics, especially, num-
ber of turbines and turbine locations. Although run time is
not a main criterion for such a long-term design problem,
we could not improve the solutions obtained from the MIP
model for large-sized instances even the time limit is
allowed to be very long. Therefore, MIP model was modi-
fied by introducing additional constraints which are derived
heuristically to obtain lower cost cable layouts especially for
the instances which cannot be solved using MIP. The modi-
fied model, called MIP_H, cannot guarantee to find global
optimal solutions because of the heuristically derived con-
straints. However, these constraints significantly reduce the
size of the solution space and hence enable to find a good
feasible solution within the same or less computer time.
The heuristic constraints in MIP_H are explained as below:

Proposition 1 If there exists a cable t between turbines
in locations (i, j) and (k, 1) then there must be at

least one unit of flow between these turbines. It is

T
costy
Capy

assumed that “==— is the estimated cost of sending

one unit of flow between any pair of turbines where
T is the number of available cable types. Therefore,
right-hand-side of the inequality given in (16) is the
total estimated cost of flows which are sent through
cable lengths and it can be used as a lower bound
on the total cost of cables:

Z cost;
(=1 Cap,
[ =
E cost,w ijleijklZ T
(), (k.)eAteT

Z ﬂowijleijkl .
(1.4), (k. €A

(16)

Proposition 2 There exist several types of cable t € T.
Assume that the cable types are ordered according to
their capacities such that Cap; < Cap, < --- < Capr.
Since there is a single cable which leaves a turbine,
the type of entering cables into the turbine depends
on the type of leaving cable. That is, total capacities
of inflow cables of a turbine should not be larger
than the capacity of its outflow cable as given by the
following inequality:

T
D Wi S1=wlyig Y(L,j), (k. 1), (p,5)EV,t=1,..,T—1.

r>t

(17)

Proposition 3 In a grid design of site, each turbine is
assumed to be pre-installed in a location (i, j). As
the number of cables both entering and leaving a
turbine in (i, j) increases, the possibility of having
cross-cables increases. Our pre-experiments showed
that the total number of cables connected to a tur-
bine should be at most four. Therefore, a maximum
of four cables connected a turbine is stipulated as
follows:

N T

N
ZZZ(W;M +w§di}.) <4V(ij)eV,i#Rj#R. (18)

k=11=1t=1

Proposition 4 Proposition 3 makes each turbine having
at most four turbines which can be connected. Even
TN-1

4
tions for each turbine, except the transmitter, the
nearest neighbour turbines are more favourable to
connect. We have determined the fourth nearest
neighbour, NN,, for each turbine ve(j, j) by a sim-
ple data processing. Then, a parameter, named
radius distance (RD), has been determined as

RD =amax{NN,} where o I is a constant. There-
vev

fore, RD becomes the maximum allowed distance
to install cable between two turbines. The pre-
experiments in this study show that o = 1.1 is good
enough to prevent the following constraint to be
very tight. Here, M is assumed to be a sufficiently
big positive constant:

there exist ( ) number of possible connec-

M(l_wtijkl)zDijkl —RD V(i,j), (k’ l)EV’ (i’j) # (R’R/)’ (k’ l) /
= (R,R’), VteT.

(19)

2.3 | Dealing with the crossing cables

Although the constraints given by Equations (10) to (13)
are introduced to cope with the crossing cables in the
same row or column of the wind farm site, it is still possi-
ble to have crossing cables which connect the turbines or
transmitter in different rows or columns. Therefore, a
repair routine was developed to eliminate crossing cables,
if they exist in the optimal solution found by MIP or
MIP_H. The pseudo-code given in Figure 2 describes
how the proposed routine works. MIP or MIP_H model
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FIGURE 2 A pseudo-code of the
proposed repair routine to eliminate or MIP_H)

crossing cables Repeat

For a given instance of cable layout problem, select the integer programming model (MIP

1. Run the integer programming model to find cable layout solution W*

2. Let ¢ is the set of crossing cable pairs (w

z,t

Z,f = *
kL wprsu), z€EcimW

3. Let f'is the set of turbines (i, j) which appears in ¢

4. Fix the variables in W* which do not result in crossing cables: w{jkl =1, Vte
Tva)ef.vikD)éf

5. Eliminate at least one variable which result in crossing cables: (wé,ﬁl + w,f'rfsu) <1,

ZEC
Untilc =0

FIGURE 3 Optimal turbine

Case B Case C

36 Turbines

Case D
36 Turbines

positions*

32 Turbines

is called to solve a given instance. If solution W* found by the
model contains crossing cables, they are determined in step2
by examining the solution and set c is formed by pairs of the
variables which cause cross cables. In step3, turbine locations
associated with the crossing cables are included in another
set f. Then, variables in the initial solution W which do not
create any crossing cables are fixed in the model as in step4.
Step5 shows the additional constraints included into the
model to eliminate at least one of the binary decision vari-
ables (ng'kz’wérsu which result in crossing of the cable of
type ¢ between the turbines (i, j) and (k, ) and type
between turbines (p, r) and (s, u). Whenever a new con-
straint or constraints are added to the integer model, the
model is re-executed and the repair procedure is repeated
until there is no crossing cable pair in the solution W" .

3 | DESCRIPTION OF TEST
INSTANCES AND REAL-WORLD
CASES

Performance of the presented models, firstly, is tested on a
set of test instances and then on a set of real-world cases.
The computational results are given Section 4, while both
the test and real-world cases are explained in the following
subsections.

3.1 | Testinstances

To obtain an instance of cable layout problem addressed
in this study following data is necessary:

1. Locations of turbines and transmitter(s), and hence
Euclidean distances between each pair of turbines and
transmitter.

2. Cable types in terms of capacity and cost per unit
length.

3. Cable connection limit to the transmitter.

We utilized the reported results in the literature to
obtain the data given above. For (1), the turbine layouts
reported by Ulku and Alabas-Uslu®® are used. Ulku and
Alabas-Uslu®® solved the turbine layout problem to mini-
mize the total cost of turbine investment per unit of total
power production considering the following wind
regimes which are also widely used in the literature of
turbine layout problem.

Case A: one wind direction from north to south with
a constant wind speed of 12 m/s.

Case B: eight wind directions with equal probabilities
of occurrence with a constant wind speed of 12 m/s.

Case C: 36 wind directions with equal probabilities of
occurrence with a constant wind speed of 12 m/s.

Case D: 36 wind directions with unequal probabilities
and variable wind speed of 8, 12, and 17 m/s.

Figure 3 shows the layouts reported in Ulku and
Alabas-Uslu™ under the four different wind regimes. The
turbine layout problem studied by the researchers does
not involve the optimal location of the transmitter
because the transmitter has not an impact on the total
power generated. In this study, we added a single trans-
mitter as represented by grey colours in the layouts given
in Figure 3. Transmitters should be close to the shore in
an offshore wind farm. Thus, we selected the position of
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TABLE 1 Test instances of the cable layout problem

C (maximum

cable number
Instance No. of connecting Used cable
No. Layout turbines transmitter) set
Testl Case A 30 10 CableSet1
Test2 4 CableSet8
Test3 4 CableSet9
Test4 Case B 32 10 CableSetl
Test5 4 CableSet8
Test6 4 CableSet9
Test7 CaseC 36 10 CableSet1
Test8 4 CableSet8
Test9 4 CableSet9
Test10 CaseD 36 10 CableSetl
Testl1l 4 CableSet8
Test12 4 CableSet9

the transmitter assuming the last row of the layouts is
closest to the shore. Finally, test instances are described
in Table 1. In the third column of Table 1, the number of
turbines in the wind farm reported in Reference 33 is
given. The last two columns of the table show the cable
connection limit to transmitter and cable sets, respec-
tively. The cable sets in different cost and capacities are
selected from Table 2 as provided by Fischetti and
Pisinger.'® Thus, 12 instances were obtained considering
different cable sets and the cable connection limits for
each layout of the four wind regimes (from A to D).

3.2 | Real-world instances

Fischetti and Pisinger'® used combinations of different cable
costs and cable capacities for five real wind farms, which
are currently in operation, to analyse the performance of
their solving methods. Columns 2 to 5 of Table 2 describe
these wind farms giving the owner country, turbine types
installed, the total number of turbines, and maximum cable
connections to a single transmitter, while columns 6 to
8 gives combinations of cable capacities and cable costs
studied by Fischetti and Pisinger." In the last column, cable
set names are used to mark the resulting 13 different combi-
nations of cable costs and capacities.

4 | COMPUTATIONAL RESULTS

Performance of the proposed integer programming models,
MIP and MIP_H, were comparatively tested firstly on the

test instances and then on the real-world cases described in
Section 3 where LINGO software package was used as a
solver. The runs were executed on a 4.20 GHz Intel Core i7
computer with 32 GB of RAM. The results obtained by
using MIP_H on the real case instances were also compared
to the results reported by Fischetti and Pisinger'> where
computer configuration is an Intel Xeon CPU X555 with
2.67 GHz. The comparative studies are given in the follow-
ing subsections.

4.1 | Comparison of MIP and MIP_H on
the test instances

Feasible and/or optimal solutions to the test instances
obtained by MIP and MIP_H are reported in Table 3
where the run time limit is 24 hours for both models.
Table 3 compares MIP and MIP_H models in terms of
the total cable costs of the best solutions obtained within
24-hour of computer time (before and after the execution
of repair procedure), the gap between the lower bound
and the best solution, and the elapsed time until the best
solution found. The results show that MIP_H reduces the
solution time nearly 55% compared to MIP while provid-
ing 74% better gap. Additionally, average total costs
obtained by MIP and MIP_H before and after the repair
routine is applied are found very close to each other as
seen in Table 3. Although MIP_H contains heuristically
derived constraints, it is comparable to MIP model in
terms of optimal cable costs while MIP_H is strictly supe-
rior to MIP in terms of run time. This result encourages
us to apply MIP_H to larger size instances of real-life.

4.2 | Comparison of MIP and MIP_H on
the test instances with two transmitters

Most of the optimization-based approaches proposed in the
literature assign wind turbines to a single transmitter when
there is more than one transmitter in the wind farm. There-
fore, the multi-transmitter problem is decomposed into
single-transmitter problems. Even MIP and MIP_H models
are developed to deal with single-transmitter cable layout
problem, in this subsection we analysed the performance of
the models when there are two transmitters in the farm.
For this purpose, MIP and MIP_H were extended according
to the two-transmitter and test instances in Table 1 were
changed by assuming (11, 10) is the location of the second
transmitter in the layouts given by Figure 3. Both the
models were executed for the instances Test1 to Test12 with
two-transmitter allowing 10-hour computer time. Table 4
gives the results obtained from MIP and MIP_H and the
results after the repair routine was applied. It is clear total
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cable costs decreases compared to the costs of single-
transmitter case since there exist more alternatives to install
shorter cables between turbines and two transmitters. As
seen from Table 4, all the instances, except Test2 and Test4,
could not be solved optimally within 10-hour computer
time limit. Thus, both the models exhibit similar run time
in average. On the other hand, MIP_H generates more
cost-effective layouts than MIP for seven instances while
MIP outperforms MIP_H for three instances. The models
result in the same solution to the remaining two instances.
MIP_H decreases average cable costs of MIP by 1.2%. As
an encouraging outcome, the experiments show that we
can solve the two-transmitter cases in a single model with-
out dividing problem into single transmitter cable layout
problems.

4.3 | Comparison of MIP and MIP_H on
the real-world cases

Results obtained by MIP and MIP_H models for 13 real-
case instances are provided in Table 5 while Figures 4
and 5 give the cable layouts obtained by the respective
models on the instances Real3 and Realll, respectively,
as examples. As seen in Figure 4, MIP and MIP_H result
in a different layout in which only 10-turbine capacitated
cables are used for Real3. For Realll, the best solutions
found by the models involve the two types of cables as
represented by black lines (cable type with capacity of 6)
and green lines (cable type with capacity of 8) in
Figure 5. MIP_H model provides better results in the
real-world instances in terms of total cost compared to

NERGY RESEARCH BAWA RS AL

MIP. There are six instances that MIP_H achieves better
results than MIP for larger wind farms whereas both
models generates the same solutions in five instances of
small-sized wind farms. MIP generate a lower total cost
than that of MIP_H only for two instances. In the real
case applications, clearly, the repair procedure is required
less compared to the test instances. The main reason for
this situation is that turbines in the same row or column
are assumed to be located in the same alignment in the
grid design of test instances. Therefore, the possibility of
having crossing cables increases. However, turbines in
the real wind farms have somewhat divergent locations
and crossing cables are observed less.

MIP_H reduces the average gap percentage nearly 40%
compared to that of MIP, while MIP_H provides 0.3% cost
saving according to the average cost generated by MIP. Even
this saving percentage seems to be small, it should be noticed
that the investment in wind farms, especially in offshore
wind farms, is highly expensive, therefore even small savings
in the total investment cost will be significant. Additionally,
MIP_H provides nearly 19% faster execution time than the
average execution time of MIP. Consequently, the heuristi-
cally enhanced integer model is superior to the original
model in terms of both efficiency and effectiveness.

44 | Comparison of MIP_H and an
existing study on the real-world cases

In this subsection, the performance of MIP_H is compared
to the integer programming model and matheuristic
approach proposed by Fischetti and Pisinger."* Since

FIGURE 4 Cable layouts for I 1

instance Real3 [Colour figure can be
viewed at wileyonlinelibrary.com]

FIGURE 5 Cable layouts for
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MIP_H already has been found superior to MIP, results of
the MIP model are not included in the present compara-
tive study. Fischetti and Pisinger' developed a mixed inte-
ger programming model, let call MIP_FP, in which Steiner
nodes are included to provide some flexibility to the cable
layout. The authors used a data pre-processing to find the
set of crossing arcs and avoided from crossing cables by
introducing associated constraints for each pair of the arcs
in the set. The matheuristic approach proposed by the
authors for the same problem is a hybridization of MIP_FP

TABLE 6 Comparison of MIP_H with MIP_FP

and a set of heuristic rules. In the matheuristic, MIP_FP is
used as a black-box and input data is changed to find a
sequence of improved solutions. This process is repeated
until a pre-defined computer time limit is achieved.

Table 6 and Table 7 give the comparative results
obtained from MIP_FP and MIP_H within 10-hour and
the results obtained from matheuristic and MIP_H
within 24-hour, respectively. MIP_H and MIP_FP pro-
vide the same solutions for six small-sized instances out
of totally 13 instances while MIP_H is able to find a

MIP_FP MIP_H
Instance No. Total cable cost % Gap Time Total cable cost % Gap Time
Reall 19 437 283 0.079 36 000 19 465 350 1.412 36 000
Real2 22 611 989 0.007 36 000 22 623 040 0.000 36 000
Real3 23 482 483 0.327 36 000 23 457 760 0.696 36 000
Real4 8555171 0.000 2.28 8 555 171 0.000 70.74
Real5 10 056 670 0.000 1.67 10 056 670 0.000 45.25
Real6 8 604 209 0.000 0.97 8 604 209 0.000 4.81
Real7 10 173 932 0.000 1.12 10 173 930 0.000 11.82
Real8 8 054 845 0.000 25.11 8 054 845 0.000 1050.03
Real9 8 357 196 0.000 117.08 8 357 196 0.000 9099.84
Real10 = = 36 000 38 976 050 5.236 36 000
Realll — — 36 000 50 048 860 0.000 36 000
Reall2 22 336 017 3.330 36 000 22338 290 4.128 36 000
Real13 — — 36 000 26 541 180 0.000 36 000

TABLE 7 Comparison of MIP_H with Matheuristic

Matheuristic MIP_H

Instance No. Total cable cost % Gap Time Total cable cost % Gap Time
Reall 19 436 700 0.01 14 748.8 19 465 350 1.412 86 400
Real2 22 611 989 0.01 4621.3 22 623 040 0.000 86 400
Real3 23 482 483 0.17 86 400.3 23 457 760 0.696 74 163
Real4 8555171 0.00 43.0 8555171 0.000 70.74
Real5 10 056 670 0.00 28.3 10 056 670 0.000 45.25
Real6 8 604 209 0.00 231 8 604 209 0.000 4.81
Real7 10 173 932 0.00 24.4 10 173 930 0.000 11.82
Real8 8 054 845 0.00 247.8 8 054 845 0.000 1050.03
Real9 8 357 196 0.00 354.4 8 357 196 0.000 9099.84
Real10 38 977 594 5.10 86 400.4 38 976 050 5.236 86 677
Realll 50 379 247 7.94 86 400.5 50 048 860 0.000 64 424
Real12 22 337 936 3.49 86 400.6 22 338 290 4.128 86 400
Real13 26 637 602 2.57 86 400.5 26 541 180 0.000 80 082
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feasible solution for three instances which cannot be
solved by MIP_FP. On the other hand, MIP_H generates
lower cost solutions for four instances compared to mat-
heuristic within 24-hour while both the methods solve
small instances optimally. In average, MIP_H provides
about 0.16% cost saving and reduces the gap percentage
about 6% compared to matheuristic. Computer time
required by MIP_H is nearly 21% more than that of mat-
heuristic in average. However, it should be rementioned
that investment cost in an offshore wind farm is very
high, especially, as the number of turbines increases and
therefore, solution time is not very important if eventu-
ally a better solution would be obtained.

5 | CONCLUSION

In this study, one of the main problems in the design of
wind farms, namely cable layout problem, is addressed. The
problem entails deciding of cable connections between each
pair of turbines and one or several transmitters in a wind
farm to minimize the sum of the cable costs where cross-
cables are not allowed. This problem is especially important
for offshore wind farms since the cable costs may constitute
up to 20% of the total investment cost. Cable layout problem
is an NP-hard problem because any feasible solution to the
problem must be at least a capacitated spanning tree. Two
integer programming models, MIP and MIP_H, are pres-
ented for solving of the problem. While MIP model guaran-
tees having an exact optimum solution if it is possible
depending on the size or input data of the given instance,
MIP_H in which several heuristically derived constraints
are involved provides good feasible solutions. Furthermore,
a new repair algorithm is presented to eliminate cross-cables
in the layouts generated by the proposed models. An experi-
mental study on a suit set of instances of the cable layout
problem reveals that even MIP_H cannot guarantee the
optimality, it is capable to find optimal solutions for small-
or moderate-sized instances in terms of total turbine num-
bers. Moreover, MIP_H is superior to MIP in solving the
instances of real-world large wind farms within a reason-
able amount of computer time. The computational time
requirement is reduced nearly 19% using MIP_H according
to the time requirement of MIP on these instances. MIP_H
is also compared with an integer programming model and
a heuristic approach which are proposed in the related
literature for real-world wind farms. It is observed that all
the methods can solve the cable layout problem optimally
for small wind farms. On the other hand, MIP_H outper-
forms the results reported in the literature for the large-
sized instances where the turbines are scattered in the site
of wind farm. Additionally, MIP and MIP_H models are
extended to apply two-transmitter wind farms and it is

NERGY RESEARCH BAWA DB AR

observed that both the models can solve two-transmitter
test cases while MIP_H produces more cost-effective
layouts within shorter computer time. Consequently, MIP_H
model can be a good alternative in the design of cable layouts
of large wind farms to reduce total cable costs.

As a future study, we are planning to extend and
modify MIP_H as including the different complexities
in the design of cable layouts such as power losses,
heterogonous turbine types, and more than two transmit-
ters. Another challenging problem in the installation of
wind farms is to design turbine locations and cable layout
simultaneously to minimize both total wake effects and
total cable costs. We are also intending to develop inte-
grated heuristic approaches based on optimization to deal
with this multi-objective problem.
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